Background: Aspergillus fumigatus produces two galactose-containing exopolysaccharides, galactomannan and galactosaminogalactan. Results: Galactosaminogalactan synthesis requires the UDP-glucose 4-epimerases, Uge5 and Uge3, whereas galactomannan synthesis requires Uge5 alone. Conclusion: Epimerases in A. fumigatus play both distinct and overlapping roles in exopolysaccharide synthesis. Significance: Uncovering the biosynthetic pathways of galactosaminogalactan will be crucial in developing therapeutics targeting this exopolysaccharide.
The cell wall of Aspergillus fumigatus contains two galactosecontaining polysaccharides, galactomannan and galactosaminogalactan, whose biosynthetic pathways are not well understood. The A. fumigatus genome contains three genes encoding putative UDP-glucose 4-epimerases, uge3, uge4, and uge5. We undertook this study to elucidate the function of these epimerases. We found that uge4 is minimally expressed and is not required for the synthesis of galactose-containing exopolysaccharides or galactose metabolism. Uge5 is the dominant UDPglucose 4-epimerase in A. fumigatus and is essential for normal growth in galactose-based medium. Uge5 is required for synthesis of the galactofuranose (Galf) component of galactomannan and contributes galactose to the synthesis of galactosaminogalactan. Uge3 can mediate production of both UDP-galactose and UDP-N-acetylgalactosamine (GalNAc) and is required for the production of galactosaminogalactan but not galactomannan. In the absence of Uge5, Uge3 activity is sufficient for growth on galactose and the synthesis of galactosaminogalactan containing lower levels of galactose but not the synthesis of Galf. A double deletion of uge5 and uge3 blocked growth on galactose and synthesis of both Galf and galactosaminogalactan. This study is the first survey of glucose epimerases in A. fumigatus and contributes to our understanding of the role of these enzymes in metabolism and cell wall synthesis.
In immunosuppressed patients, the mold Aspergillus fumigatus causes an invasive pulmonary infection that can disseminate hematogenously to the brain and other deep organs. In recent years, the incidence of invasive aspergillosis due to A. fumigatus has risen dramatically in patients undergoing immunosuppressive and cytotoxic chemotherapy (1) . Although earlier classes of antifungals such as the polyenes and azoles target the fungal plasma membrane, the carbohydrate cell wall is emerging as an effective target for antifungals (2) . A better understanding of the composition and biosynthesis of the cell wall and its components will be important in developing new cell wall active antifungals.
The cell wall of A. fumigatus is composed of an inner fibrillar layer and an outer amorphous layer (3) . The inner layer is composed of a mesh of chitin, ␤-1,3-glucans, and associated glycoproteins. The outer layer contains ␣-1,3-glucans, galactomannan, and galactosaminogalactan. Of note, both galactomannan and galactosaminogalactan contain galactose residues, indicating the importance of fungal galactose metabolism in cell wall biosynthesis.
Galactomannan is a branched glycan consisting of an ␣-linked mannosyl backbone with branches of 4 -5 ␤-linked galactofuranose (Galf) 3 units (4, 5) . Galf residues are also found in a variety of other fungal glycoproteins and glycolipids (6, 7) . Although the role of galactomannan, and Galf, in virulence remains unclear (6, 8) , immunodetection of Galf antigen by EB-A2 antibody is a widely used diagnostic test for invasive aspergillosis (9 -11) . Galactomannan biosynthesis has been best studied in the nonpathogenic species Aspergillus nidulans. In this species, UDP-glucose is converted to UDP-galactose (UDP-galactopyranose) in the cytoplasm by the UDP-glucose 4-epimerase, UgeA (12) . UDP-galactopyranose is in turn modified to UDP-galactofuranose through the activity of the UgmA, an UDP-glucose mutase. UDP-galactofuranose is then transported by the glycosyl transporter, UgtA (13) , into the Golgi where the glycosylation of carbohydrates, proteins, and lipids occurs. Although the glycosyltransferases involved in chain formation remain unknown in Aspergillus, galactofuranosyltransferases have been studied in bacteria (14 -17) and protozoans (18) . Although the A. fumigatus orthologs of ugmA and ugtA, termed ugm1 (glfA) and glfB, respectively, have been studied and found to have a similar function to their A. nidulans orthologs, the A. fumigatus ortholog of the ugeA epimerase has yet to be identified or characterized (5, 8, 19 -21) .
Galactosaminogalactan is a recently described galactosecontaining cell wall polysaccharide that plays an important role in virulence (22, 23) . This glycan mediates adhesion to a variety of host substrates and is immunosuppressive both through directly inducing leukocyte apoptosis, as well as by concealing fungal ␤-1,3-glucan from immune recognition by the pattern recognition receptor Dectin-1 (22, 23) . Galactosaminogalactan is a linear heteropolysaccharide composed of varying combinations of ␣-1,4-linked galactose and N-acetylgalactosamine (GalNAc) (23) . The pathways governing synthesis of galactosaminogalactan are largely unknown. Previously, we reported that disruption of uge3 (Afu3g07910), predicted to encode an UDP-glucose 4-epimerase, resulted in a complete absence of cell wall GalNAc and galactosaminogalactan (22) . Galf production and the galactose content of the cell wall were not altered in the ⌬uge3 mutant, suggesting that uge3 encodes a GlcNAc-GalNAc epimerase. The source of the galactose component of galactosaminogalactan remains unknown.
In addition to uge3, the genome of A. fumigatus contains genes predicted to encode two other UDP-glucose 4-epimerases, uge5 (Afu5g10780) and uge4 (Afu4g14090). Although neither of these epimerases has been studied in A. fumigatus, Uge5 is most homologous to the A. nidulans, UgeA, which was previously reported to have UDP-glucose 4-epimerase activity (12) . Uge4 shares 55% amino acid homology with Uge3 and 60% with a putative epimerase of Aspergillus niger (An12g10410), but it has not been studied in either organism. We undertook this study to elucidate the role of these three UDP-glucose 4-epimerases in galactose metabolism and the biosynthesis of A. fumigatus cell wall galactose-containing glycans.
MATERIALS AND METHODS

Fungal Strains and Growth Conditions
A. fumigatus strain Af293 (a generous gift from P. Magee, University of Minnesota, St. Paul, MN) was used as the parent wild-type strain for all molecular manipulations. The ⌬uge3 mutant was described previously (22) . Unless otherwise noted, strains were grown and harvested on YPD agar (Fisher) at 37°C as described previously (24) . For growth in liquid medium, Brian medium (23) , Aspergillus Minimum Medium (25) , and RPMI 1640 medium (Wissent) were used as indicated. For agar plates and liquid medium with galactose as the sole source of carbon, Brian agar and liquid medium were modified to include galactose as the only carbon source. For adherence and apoptosis assays, germinated conidia (germlings) were obtained growing either 1 ϫ 10 5 or 2 ϫ 10 5 conidia in either 24-well plates or 1.5-ml microcentrifuge tubes for 9 h at 37°C, 5% CO 2 incubation in phenol-free RPMI 1640 medium.
Molecular and Genetic Manipulations
Deletion of uge4 and uge5 was performed as described previously (22) . Briefly, pAN7.1 plasmid was modified for Gateway (Invitrogen) use by digestion with restriction enzymes BmgBI or NaeI followed by fusion of an attR::ccdB target sequence at the site of each digestion using the Gateway vector conversion system, to generate plasmids pHY and pYG (22) . To generate the disruption constructs, ϳ1 kb of the flanking sequences of uge5 was amplified by PCR from Af293 genomic DNA using primers U5-1, U5-2, and U5-3, U5-4 to generate fragments FS1 and FS4, respectively. The resulting PCR products were then cloned into pENTR-D -TOPO entry plasmid. An LR recombination resulted in recombination of pENTR::FS1 with pHY and pENTR::FS4 with pYG, yielding the fusion of each flanking sequence with the hph cassette in plasmids pHY and pYG. Finally, the DNA fragments for transformation were generated by PCR, using the primers U5-1,HY with pHY::FS1 and U5-4,YG with pYG::FS4. For ⌬uge4, the same strategy was used as with ⌬uge5, except that U4-1, U4-2, U4-3, and U4-4 were used as flanking sequence primers to amplify genomic DNA from Af293. A. fumigatus wild-type strain Af293 was then transformed with each pair of disruption cassettes using protoplasting (24) . All integrations were confirmed by PCR, and the expected gene expression profile was confirmed by real time RT-PCR for the gene of interest.
For the generation of the ⌬uge3 ⌬uge5 double mutant, plasmid p402 was modified for Gateway use by digestion with BsaBI or BamHI, followed by a mung bean nuclease treatment in the case of BamHI, and then fusion of an attR::ccdB target sequence at the site of each digestion to generate plasmids pBL and pLE. An LR recombination allowed recombination of previously produced pENTR::FS1 with pBL and pENTR::FS4 with pLE, resulting in the fusion of each flanking sequence with the ble cassette in plasmids pBL and pLE. Finally, the DNA fragments for transformation were generated by PCR, using the primers U5-1,BL with pBL::FS1 and U5-4,LE with pLE::FS4. Protoplasts of the A. fumigatus ⌬uge3 mutant strain (22) were then transformed with each DNA fragment, as described previously (22) . Transformants were selected on 0.015% phleomycin-enriched plates. Complete deletion of the uge5 open reading frame was confirmed as described above.
For construction of the ⌬uge5::uge5 complemented strain, the plasmid pSK485, bearing a pyrithiamine resistance cassette (26) and obtained from the Fungal Genetics Stock Center (27) , was modified by PCR using Sbf-pSK and Asc-pSK primers to add unique SbfI and AscI restriction sites upstream of the ␤rec::trpA cassette. The plasmid was then linearized by SbfI and AscI digestion. A 2.9-kb DNA fragment, corresponding to the restriction site SbfI, 1.2 kb of the uge5 promoter, the entire uge5 ORF, 0.8 kb of the uge5 terminator and the restriction sites AscI, was amplified by PCR using Af293 DNA as a template and the primers U5-1b and U5-5. The resulting PCR product was cloned into the linearized pSK485 plasmid via the Infusion cloning reaction, following the manufacturer's instructions. The resulting pSK485::uge5 plasmid was linearized at the unique DraI site, located upstream of the uge5 partial promoter, and was used to transform protoplasts of the ⌬uge5 strain. Transformants were selected on 0.1 g/ml pyrithiamine-enriched plates, and uge5 expression was confirmed by RT-PCR.
To generate the uge3-gfp construct, the uge3 gene was amplified by PCR using primers uge3-gfp forward and uge3-gfp reverse. This PCR fragment was then cloned into the pGFP plasmid, as described previously, and digested with NcoI and NotI (28, 29) . The resulting plasmid, designated puge3-GFP, was used to transform wild-type A. fumigatus Af293 as described previously (30) . Transformants were selected by phleomycin resistance, and uge3-gfp expression was verified using confocal microscopy (IX81, Olympus), excitation wavelength 495 nm and emission wavelength 519 nm.
To generate the uge5-rfp construct, uge5 was amplified by PCR using primers uge5-rfp forward and uge5-rfp reverse. This fragment was then cloned in-frame with mRFP1 in the pRFP-HYG plasmid using EcoRV (31) . The resulting plasmid pRFP-Uge5-HYG was used to transform wild-type A. fumigatus Af293. Transformants were selected using hygromycin, and uge5-rfp expression was verified using confocal microscopy (IX81, Olympus), excitation 543 nm and emission wavelength 563 nm.
For His 6 -Uge3, the ORF of uge3 was produced by PCR with an additional CACC at the 5Ј end, using the primers U3-start ORF, U3-end ORF, and the Af293 genomic DNA as template. The resulting PCR product was then cloned into pENTR-D-TOPO entry plasmid. An LR recombination allowed the recombination of pENTR::U3-ORF with pDest17, a plasmid engineered to produce His 6 proteins with a high rate in proper Escherichia coli strains. The resulting pDest17::uge3 plasmid was transformed in E. coli BL21 DE3 strain. All primer sequences are listed in Table 1 .
Real Time RT-PCR
Expression of the genes of interest was quantified by relative real time RT-PCR analysis as described previously (32) . The primers used for each of the genes are shown in Table 1 or in Gravelat et al. (22) . First strand synthesis was performed from total RNA with the QuantiTec reverse transcription kit (Qiagen) using random primers. Real time PCR was then performed using an ABI 7000 thermocycler (Applied Biosystems). Amplification products were detected with the Maxima SYBR Green qPCR system (Fermentas). Fungal gene expression was normalized to A. fumigatus tef1 expression. To verify the absence of genomic DNA contamination, negative controls were used for each gene set in which reverse transcriptase was omitted from the mix.
Localization Studies
Conidia from uge3-gfp, uge5-rfp, or A. fumigatus Af293 strains were grown for 9 h at 37°C on coverslips in a 24-well polystyrene plate in RPMI 1640 medium without phenol. Young hyphae were washed in PBS, stained with Draq nuclear staining at 1:100 dilution (Cell Signaling, Inc), mounted in Slow Fade Gold Antifade (Invitrogen), and imaged under a confocal microscope (IX81, Olympus) at excitation 495, 543, and 633 nm, respectively.
TABLE 1 List of primers for plasmid construction and gene expression experiments
Primer name
Target Sequence
Cell Culture Assays
Type II pneumocyte cell line CCL-185 (lung epithelial cells A549) and murine bone marrow-derived dendritic cells were cultured as described previously (22) .
Aspergillus adherence to A549 cells was determined by coincubating germlings of the strain of interest on a monolayer of A549 cells for 30 -45 min, as described previously (24) . To determine induction of apoptosis via caspase-3 activity, germlings of each strain were co-incubated with bone marrow-derived dendritic cells at a multiplicity of infection of 10:1 for 3 h. Caspase-3 activity was measured using EnzChek Caspase-3 assay kit following the manufacturer's instructions (Invitrogen). Samples containing fungus or bone marrow-derived dendritic cells alone were included as controls.
Polysaccharide Analysis
Galactosaminogalactan and Galf productions were assayed as described previously, with minor modifications (22, 23) . Briefly, 4 ϫ 10 6 conidia were grown in modified Brian medium for 72 h. Culture supernatants were filtered, and extracellular galactosaminogalactan or galactomannan was precipitated by 2.5 or 4.0 volumes of ethanol, respectively. Galactosaminogalactan composition was determined by gas chromatography after hydrolysis, reduction, and peracetylation with meso-inositol as internal standard. Total neutral hexoses were quantified by the phenol sulfuric assay. Galf quantification was assayed by enzyme immunoassay using the Platelia Aspergillus kit (Bio-Rad), following the manufacturer's instructions. For quantification of ␤-1,3-glucan exposure, 1 ϫ 10 5 conidia were grown in Brian medium for 12 h in a 96-well opaque bottom plate (Nunclon, Inc.), fixed in 4% paraformaldehyde, and then labeled with 10 g/ml Fc-Dectin-1 (a generous gift from Dr. G. D. Brown, University of Aberdeen, Aberdeen, UK), followed by FITC-labeled AffiniPure F(abЈ) fragment donkey anti-human IgG, FCy fragment-specific (Jackson ImmunoResearch). Fluorescence was measured at 495 nm excitation and 515 nm emission using Spectramax fluorescence microplate reader (Molecular Devices, Inc.). The biofilm adherence assay and scanning electron microscopy were performed as described previously (22, 24) .
His-tagged Uge3 Extraction and Purification
Protein expression of His 6 -Uge3 was performed in E. coli BL21(DES) in autoinduction medium supplemented with 100 g/ml ampicillin (33) . Cells were grown for 20 -24 h at 28°C and harvested by centrifugation. Pellets were flash-frozen and then lysed and filtered through a 0.2-m nylon membrane filter and incubated for 1.5 h in Ni 2ϩ -agarose beads (Qiagen). After successive washing with increasing imidazole concentrations, bound His 6 -Uge3 was eluted with 250 mM imidazole. Fractions containing His 6 -Uge3 determined by SDS-PAGE Coomassie Blue staining were pooled, concentrated, and quantified with either Bradford assay or NanoDrop. Alternatively, after cell lysis, His 6 -Uge3 was purified through metal affinity chromatography on a POROS-MC20 perfusion chromatography column with Ni 2ϩ as chelating metal. Elution fractions were pooled and further purified on a preparative scale high resolution Superdex-200 gel filtration column. Purification of His 6 -Uge3 was validated though Western blotting using HRP-tagged anti-His 6 (Abcam) and protein mass spectrometry. Enzymes were stored at Ϫ20°C in PBS supplemented with 25% glycerol and 0.5 mM DTT.
Enzyme Activity Assays
Product Formation-Evolution of product was detected using NMR by incubating 5 g of His 6 -Uge3 with 1 mM of either UDP-glucose or UDP-GlcNAc (Sigma) in a reaction mix of 250 l for 1 h at 37°C. No co-factor was added because preliminary experiments did not show any changes to the reaction rate by adding co-factors such as NAD ϩ , Mg 2ϩ , or Ca 2ϩ (data not shown), as similarly reported in other epimerases (34 -36) . All reagents were in D 2 O (Calbiochem), and spectra were recorded at 25°C with acetone internal reference (2.23 ppm) using standard pulse COSY, TOCSY (mixing time 120 ms), and 1 H, 31 P HMQC. NMR experiments were performed on Varian INOVA 500 MHz spectrometer with a 3-mm gradient probe. Spectra assignment was performed using Bruker Topspin Version 3.1 program for spectra visualization.
Enzyme Kinetics-The rates of product formation, linearity, and kinetics studies were performed using Beckman gold capillary electrophoresis with a 57-cm bare silica capillary, and 32 Karat software application, as described previously (37) . Concentrations of substrates, ranging from 0.2 to 5.0 mM for UDP-GlcNAc and from 0.01 to 1 mM for UDP-galactose, were used to obtain product formation data in the presence of 0.25 or 0.53 pmol of Uge3 for each substrate. For kinetics study, enzyme with varying concentrations of substrates in a 10-l reaction volume of 0.1 M Tris/HCl buffer at pH 8.0 was incubated at 37°C for the specified amount of time, quenched by boiling at 95°C for 5 min, and immediately stored at Ϫ80°C. Prior to incubation, all reagents and enzymes were kept at 4°C. Electropherogram peaks were integrated using 32 Karat software application to estimate substrate conversion. V max values of the reactions were calculated by taking the reciprocal of the Y-intercept, and K m values of the reactions were calculated by taking the slope over the Y-intercept (data not shown).
Bioinformatics Analysis
Annotation and Homology-UDP-glucose 4-epimerase genes and their respective amino acid sequences were retrieved from the Aspergillus Genome Database (38) . The amino acid sequences of each of the candidate epimerases were analyzed using Eukaryotic Linear Motif (39), ConSurf (40), Conserved Domain Database (41) , and HHpred (42), including SCOP domains. Clusters and protein families by domain predictions were cross-referenced using InterPro (43, 44) and Pfam (45) . Furthermore, each of the Aspergillus epimerases were matched with the closest protein entry available in the Protein Data Bank (46) and further annotated.
Homology Structural Modeling-The amino acid sequence of Uge3 was aligned with human GalE PDB code 1HZJ (47) , Trypanosoma brucei GalE PDB code 1GY8 (48), or Pseudomonas aeruginosa WbpP PDB code 1SB8 (49) using ClustalW (50) . Aligned Uge3 sequences were then modeled against each of the template structures using Modeler Version 9.11 (51) . Resulting models were verified using Pairwise Structure Alignment (46) . MacPyMOL Version 1.3 (academic license, Schrodinger LLC) was used to align respective structures and identify and analyze key residues in the catalytic site.
Statistical Analysis
All charts and graphs were produced and analyzed using Prism 6 (GraphPad software). All tables were created using MS Excel (Microsoft Inc.).
RESULTS
Uge5 Is the Most Highly Expressed Epimerase Gene in A. fumigatus and Is Required for Normal Galactose Metabolism-
We first performed expression analysis of the three epimerase genes in wild-type A. fumigatus grown in Brian medium ( Fig. 1 ). Of the three epimerase-encoding genes, uge5 was the most highly expressed, at a level more than 5-fold higher than that of uge3. Expression of uge4 was minimal, approaching the limits of detection by real time RT-PCR. We therefore hypothesized that Uge5 likely plays an important role in galactose metabolism and cell wall glycan synthesis.
To test the role of each of these three epimerases in galactose metabolism, ⌬uge4 and ⌬uge5 A. fumigatus deletion mutants were constructed. The ability of these mutants to utilize glucose and galactose was compared with the previously constructed ⌬uge3 mutant and wild-type A. fumigatus strains (22) . All three mutant strains exhibited wild-type growth on medium with glucose as the sole carbon source (Fig. 2, A-E) . Similarly, both the ⌬uge3 and ⌬uge4 mutants grew normally on medium with galactose as a sole carbon source (Fig. 2, F-H) . Deletion of uge5 resulted in a marked impairment of growth in medium containing galactose as a sole carbon source (Fig. 2, I-J) , consistent with the findings reported with the deletion of ugeA, the A. nidulans ortholog of uge5 (12) . However, unlike the A. nidulans ⌬ugeA mutant, the ⌬uge5 mutant was not completely blocked in hyphal growth under these conditions and was able to grow and form hyphae after 30 h of growth in galactose (Fig. 2N) . Collectively, these results suggest that A. fumigatus differs from A. nidulans in that whereas uge5 is the major epimerase responsible for the interconversion of UDP-galactose and UDP-glucose, other pathways or enzymes in A. fumigatus can mediate galactose metabolism in the absence of Uge5.
Deletion of Uge5 Blocks Galf Synthesis and Results in the Production of Galactosaminogalactan with Reduced Galactose
Content-To test the contribution of each of the three epimerases to the synthesis of galactose-containing glycans, we measured the production of galactosaminogalactan and Galf by each of these mutant strains. We previously found that deletion of uge3 results in a complete block in galactosaminogalactan synthesis but had no effect on Galf synthesis (22) . Deletion of uge4 had no effect on Galf detection or galactosaminogalactan production (Fig. 3, A and B) . Consistent with reports of ugeA deletion in A. nidulans (12) , deletion of uge5 resulted in the absence of detectable Galf antigen and, by extension, the absence of galactomannan (Fig. 4A) . Unexpectedly, however, multiple assays demonstrated that deletion of uge5 did not block galactosaminogalactan synthesis. Scanning electron microscopy of the ⌬uge5 mutant identified normal production of the cell wall decorations that have been associated with galactosaminogalactan production (Fig. 4E) (22) , and levels of total galactosaminogalactan produced by the ⌬uge5 mutant were slightly higher than those seen with the wild type, although this was not statistically significant (Fig. 4B ). Compositional analysis of galactosaminogalactan from the ⌬uge5 mutant revealed a significant reduction in the galactose content of this heteropolysaccharide (Fig. 4C ). This decrease in galactose was not associated with an increase in other hexose such as glucose or mannose (data not shown). The ⌬uge5 mutant also exhibited increased staining with the GalNAc-specific soybean agglutinin lectin (Fig. 4D) , consistent with the production of GalNAc-rich, galactose-poor galactosaminogalactan. Collectively, these data suggest that although Uge5 activity is required for UDP-Galf syn- A, Galf content of culture supernatants as determined by ELISA. B, galactosaminogalactan content of culture supernatants, normalized to mycelia biomass. C, galactose content of galactosaminogalactan from the indicated strains as detected by gas chromatography followed by hexose and hexosamine quantification. D, FITC-tagged GalNAc-specific soybean agglutinin (SBA) lectin binding on 12-h, Brian medium-grown hyphae of indicated strains. Total fluorescence was measured with Spectramaxா fluorescence microplate reader. E, scanning electron micrograph of hyphae of indicated strains after 24 h of growth at 37°C, 5% CO 2 in phenol-free RPMI 1640. Hyphae were fixed, sequentially dehydrated in ethanol, dried in CO 2 , coated in Pd-Au, and imaged under scanning electron microscope (Hitachi). Arrows indicate surface decorations associated with galactosaminogalactan production. *, significant reduction compared with Af293 wild-type, analysis of variance with pairwise comparison p Ͻ 0.05. Ϯ, not statistically significant compared with Af293 but statistically significant compared with the ⌬uge5 mutant, p Ͻ 0.05. A-C, indicated strains were grown for 72 h in Brian medium. thesis for the production of galactomannan, other enzymes or pathways can also contribute UDP-galactose to the synthesis of galactosaminogalactan in the absence of Uge5 activity.
Uge3 Activity May Compensate for the Lack of Uge5-The ⌬uge5 mutant was able to utilize galactose as a carbon source and produced galactosaminogalactan that still contained galactose. These data suggest that this strain retained some glucose/ galactose epimerase activity, possibly mediated by Uge4 or Uge3. Although disruption of uge4 had no effect on galactose metabolism, galactosaminogalactan or Galf production, uge4 was only expressed at very low levels in the wild-type strain of A. fumigatus, and therefore, it could be up-regulated in the absence of Uge5. To test for compensatory up-regulation of uge4 in the absence of Uge5, we performed real time RT-PCR analysis of uge4 expression in this mutant. The expression of uge4 remained minimally detectable in the ⌬uge5 mutant under galactosaminogalactan-inducing conditions (Fig. 5 ). In contrast, not only was uge3 expression detectable in wild-type A. fumigatus, but a trend toward increased uge3 expression was observed in the absence of Uge5 (Fig. 5 ). Collectively, these data suggest that Uge3 may have dual substrate specificity and can mediate the interconversion of both UDP-glucose to UDP-galactose and UDP-GlcNAc to UDP-GalNAc. Consistent with this model, expression of uge3-gfp or uge5-rfp in wild-type A. fumigatus demonstrated that both of these epimerases are located in the cytoplasm (Fig. 6) , and thus could provide galactose to the same downstream glycosyltransferases or mediate conversion of galactose to glucose for metabolic use.
Homology Modeling Suggests Uge3 Is a Group 2 Epimerase with Dual Substrate Specificity-To examine the possibility that Uge3 could exhibit dual substrate binding and catalysis, the structure of Uge3 was compared with those of other UDP-glu-cose 4-epimerases by homology modeling. UDP-glucose 4epimerases are composed of three groups based on substrate specificity (52) as follows: group 1 enzymes have specificity for hexoses, group 2 for both hexoses and hexosamines, and group 3 for hexosamines. Uge3 was therefore modeled using T. brucei tGalE (PDB code 1GY8) as a group 1 template, human hGalE (PDB code 1HZJ) as a group 2 template, and P. aeruginosa WbpP (PDB code 1SB8) as a group 3 template. The N-terminal portion of Uge3 encoding a predicted signal peptide was omitted from modeling. Inspection of amino acid residues in the catalytic sites of the Uge3 model and templates revealed similarities and differences in the predicted substrate-binding pocket region that may provide further insights to Uge3's catalytic activity. Similar to tGalE, hGalE, and WbpP, the SYK triad required for catalytic activity is conserved in the Uge3 model (Ser 191 , Tyr 238 , and Lys 242 ) (49, 53) . Previously, six amino acid residues forming the hexagonal substrate-binding pocket were identified to be important in enzymatic function (49, 52) . Identification of the corresponding residues on Uge3 revealed that these residues are not only present in Uge3, but that they are identical to hGalE, which belongs to the bifunctional group 2 ( Table 2 ). In fact, these six residues in Uge3 and hGalE align almost in a complete overlap around the cofactor and substrate (Fig. 7) . Thus, the in silico analysis suggests that Uge3 is structurally more closely related to the group 2 epimerase hGALE and may play a role in the interconversion of both UDP-Glc/ UDP-Gal, as well as UDP-GlcNAc/UDP-GalNAc.
Uge3 Is a Dual Substrate Epimerase That Can Utilize Both UDP-glucose and UDP-N-acetylglucosamine as Substrates-To
test if Uge3 has dual substrate activity, recombinant Uge3 was produced (Fig. 8, A and B) and its enzymatic activity measured. Using 1 H NMR, product formation of both UDP-galactose and UDP-GalNAc was detected in the presence of Uge3 when either UDP-glucose or UDP-GlcNAc was provided as a substrate, respectively (Fig. 8, C and D, and Table 3 ). To obtain better resolution of the peaks, COSY and TOCSY two-dimensional 1 H NMR experiments were performed and demonstrated that the cross-peaks of coupled protons show both substrate and product chemical shifts in the respective reaction mixes (data not shown). To further validate that the products retained their UDP moieties and were not derivatives or different species of galactose or GalNAc, 31 P NMR was performed and detected the same phosphorus chemical shifts in both respective substrate and product proton peaks (data not shown). Uge3 activity was further characterized using capillary electrophoresis. At steady-state equilibrium, Uge3 converted 30% of UDP-GlcNAc to UDP-GalNAc and 15% of UDP-glucose to UDP-galactose (Fig. 8E ). The range of reaction time that resulted in linearity of product formation of less than 10% for Michaelis-Menten analysis was determined to be between 0 and 30 min for both substrates (data not shown). Conversion from UDP-GlcNAc to UDP-GalNAc had K m of 3.2 mM and V max of 417 pmol/min (data not shown). Epimerization from UDP-glucose to UDP-galactose could not be quantified due to a strong reverse reaction; however, conversion of UDPgalactose to UDP-glucose had a K m of 0.9 mM and V max of 146 pmol/min (data not shown). Collectively, these results support the hypothesis that the galactose component of galactosaminogalactan in the ⌬uge5 mutant strain likely originates from activity of Uge3.
Mutant Deficient in Both Uge3 and Uge5 Is Completely Auxotrophic for Galactose and Produces No Galactomannan or
Galactosaminogalactan-To verify that Uge3 activity is responsible for the residual galactose metabolism and galactose content of galactosaminogalactan in the ⌬uge5 mutant strain, we constructed a mutant deficient in both Uge3 and Uge5. The ⌬uge3⌬uge5 double mutant was unable to grow in medium containing galactose as the sole carbon source (Fig. 9, A and  B) . Furthermore, the ⌬uge3⌬uge5 double mutant was found to have undetectable levels of both Galf and galactosaminogalactan ( Fig. 9, C and D) . Collectively these data confirm that Uge3 and Uge5 are the only functional UDP-glucose/galactose epimerases in A. fumigatus.
Reducing the Galactose Component of Galactosaminogalactan Does Not Impair Its Function-To assess whether the galactose-poor galactosaminogalactan produced by the ⌬uge5 mutant is altered in function, we characterized the effects of uge5 deletion on the reported functions of galactosaminogalactan (22, 23) . Deletion of uge5 did not alter biofilm adherence to the polystyrene surface (Fig. 10A ). Furthermore, ⌬uge5 mutant displayed slightly increased adherence to A549 epithelial cells as compared with wild-type A. fumigatus and the uge5-complemented strain, possibly reflecting the slight increase in total galactosaminogalactan production noted in this strain (Fig.  10B) . Similarly the reduced galactose content of galactosaminogalactan did not impair ␤-(1,3)-glucan masking, as there was no difference between these three strains in the immunodetection of ␤-(1,3)-glucan by recombinant Fc-dectin-1 (Fig. 10C ). Finally, because leukocyte apoptosis has been reported as a mechanism of galactosaminogalactan immunosuppression (23) , the ability of the ⌬uge5 mutant to induce apoptosis of bone marrow-derived dendritic cells was quantified by measuring cellular caspase-3 activity. No difference in the induction of apoptosis by the ⌬uge5 mutant as compared with wild-type A. fumigatus (Fig. 10D ) was observed. Collectively, lowering the galactose content of galactosaminogalactan did not seem to significantly impair adherence, ␤-(1,3)-glucan masking, or the induction of apoptosis by this glycan.
DISCUSSION
The results of our studies highlight important differences in galactose metabolism, glycan synthesis, and epimerase function between A. fumigatus and A. nidulans. Although deletion of ugeA in A. nidulans resulted in a strain that was completely auxotrophic for galactose, the A. fumigatus ⌬uge5 mutant exhibited only a partial growth defect in galactose-containing medium. In light of our findings that Uge3 has dual substrate specificity and that other putative epimerases are silent in the ⌬uge5 mutant, it is likely that Uge3 mediates the interconver- 
Alignment of the six amino acid residues within the catalytic fold of Uge3, hGalE, tGalE, and WbpP shows highest alignment between Uge3 and hGalE
Six amino acid residues in the catalytic pocket were identified on the Uge3 model. These residues were then compared with those in hGalE, tGalE, and WbpP. Visualization was performed using MacPyMOL Version 1.3. sion between UDP-glucose and UDP-galactose in the absence of Uge5 (Fig. 11 ). Although the genome of A. nidulans contains ugeB, an ortholog of uge3, this gene has been reported to be silent (55) and as a result likely does not contribute to UDPgalactose/UDP-glucose interconversion in this species. Disruption of uge5 was associated with normal to increased galactosaminogalactan production and adherence to host cells. These data are consistent with those from mutations in other components of the galactomannan biosynthetic pathways. For example, deletion of ugm1 in A. fumigatus resulted not only in an absence of galactomannan but also an increase in galactosaminogalactan synthesis and biofilm adherence (6) . Although galactosaminogalactan production has not been studied in A. nidulans, it was reported that the deletion of ugmA and ugeA was associated with an increase in adherence (55) , suggesting a similar phenomenon may also occur in this organism. One possibility is that impaired galactomannan synthesis results in accumulation of precursors that are then redirected to the galactosaminogalactan pathway. If this is true, then such substrate flux must occur at the level of UDP-glucose or earlier given that the ⌬uge5 mutant retained the ability to produce galactosaminogalactan. Alternatively, the increase in galactosaminogalactan could reflect activation of a regulatory response to alterations in cell wall integrity as has been observed to occur with other mutations or perturbing agents that alter cell wall composition (56 -59) .
Species Enzyme Residues Group
It is surprising that, in the absence of Uge5, UDP-galactose production by Uge3 was sufficient to permit production of galactosaminogalactan but not Galf. Although compartmental sequestration of the UDP-galactose produced by these two epimerases could account for this observation, our localization studies suggest that both enzymes are cytoplasmic. Alternatively, differences in the transport of UDP-galactose or the substrate affinity of downstream enzymes specific for each of the two pathways could mediate this preferential funneling of UDP-galactose into galactosaminogalactan synthesis. It is not known if either epimerase complexes with other elements in their respective biosynthetic pathways; however, this explanation could account for differences in accessibility of UDP-galactose between pathways. Finally, there may be different regu- latory controls at various levels of gene expression and protein synthesis of other pathway components. Although a deficiency in galactosaminogalactan is not lethal, it renders the strain nonadherent, which is not the case for galactomannan deficiency (5, 6, 8, 12, 22) . Thus, in the absence of a specific requirement for galactomannan, it is possible that the fungus preferentially diverts its resources to preserve galactosaminogalactan synthesis for adherence to surfaces or biofilm homeostasis. Testing of these hypotheses will require identification of other elements of the galactosaminogalactan biosynthetic pathways, an area under active research by our group. We initially hypothesized that enzymes upstream of Uge3 or Uge5 in the Leloir pathway, such as galactokinase or UDP-galactose-1-phosphate uridylyltransferase, may contribute to the residual galactose found in the ⌬uge5 mutant. Although much of the Leloir pathway is uncharacterized in A. fumigatus, it is well characterized in A. nidulans. In this species, deletion of galactokinase gene galE or UDP-galactose-1-phosphate uridylyltransferase galD results in mutants that are viable, albeit with partial growth defects, in a galactose-based carbon source (60) . However, the complete lack of growth of the ⌬uge3⌬uge5 double mutant in galactose-based medium strongly suggests that these epimerases are solely responsible for galactose metabolism under the conditions studied in this report, and other salvage enzymes are insufficient to provide adequate glucose from galactose under the conditions of growth that we tested.
Our findings demonstrate that Uge3 is dispensable for galactose metabolism and Galf synthesis. This observation is likely due, at least in part, to the much lower expression levels of uge3 as compared with uge5. Indeed, it is possible that interconversion of UDP-galactose and UDP-glucose by Uge3 does not occur in the presence of physiologic levels of Uge5 and is only unmasked upon Uge5 deletion. Interestingly, we found that, in vitro, Uge3 produced twice as much UDP-GalNAc compared FIGURE 9 . Deletion of uge3 and uge5 renders the resulting ⌬uge3⌬uge5 double mutant deficient in Galf and galactosaminogalactan. A, indicated strains were grown for the indicated time periods in Brian medium using either glucose or galactose as the sole carbon source. Brightfield images at a magnification of 200x are shown. Glucose is abbreviated as Glc, and galactose as Gal. B, indicated strains were grown for 2 days on either glucose or galactose based Brian medium agar plates. C, relative Galf detection by ELISA in culture supernatant after 72 h growth in Brian medium of the indicated strains. D, galactosaminogalactan production after 72 h growth in Brian medium of the indicated strains. *, significant reduction compared with Af293 wild type and analysis of variance with pairwise comparison, p Ͻ 0.05.
with UDP-galactose from respective substrates at steady-state equilibrium, thus suggesting a possible preference toward N-acetylated hexosamines as substrates. Nonetheless, this redundancy in UDP-galactose and UDP-glucose interconversion by two epimerases suggests that interconversion of hexoses may be more critical to A. fumigatus than the interconver- . Galactose-poor ⌬uge5 galactosaminogalactan retains normal virulence-associated functions. A, biofilm adherence of indicated strains after 24 h of growth on polystyrene plates, after several washes, and visualized by staining with crystal violet. B, adherence of germinated hyphae of the indicated strains to A549 epithelial cells after 30 min. C, detection of Fc-dectin-1 binding using immune staining. Conidia from respective strains were grown for 12 h in Brian medium, fixed, blocked, stained with Fc-dectin-1, and FITC-labeled F(ab) fragment, and total fluorescence was measured with Spectramaxா fluorescence microplate reader. D, induction of bone marrow-derived dendritic cell apoptosis as determined by caspase-3 activity. Conidia from indicated strains were grown for 9 h in RPMI 1640 medium and then co-incubated with mouse bone marrow-derived dendritic cells at a multiplicity of infection of 10:1. Caspase-3 activity was measured by commercial assay following the manufacturer's instructions (Invitrogen). FIGURE 11. Schematic of galactosaminogalactan and galactomannan pathways. Pathway diagrams showing common and distinct components in the biosynthesis of galactosaminogalactan and galactomannan. For Galf symbol representation, the "f" has been inserted to the galactose pyranose symbol. All other symbols follow common nomenclature convention (54) . *, note that the depiction of galactosaminogalactan structure is representative of multiple potential combinations of galactose and GalNAc residues. sion of UDP-GlcNAc-UDP-GalNAc, which is mediated by Uge3 alone (22) . Indeed, sugar epimerase have important functions outside of cell wall polysaccharide synthesis, such as metabolism. Redundancy in hexose interconversion would ensure that the organism can adapt to different carbon sources and maintain glycolysis and generate derivatives required for other cellular activities (12, 13, (61) (62) (63) . In contrast, GalNAc seems to be required by A. fumigatus primarily for the synthesis of galactosaminogalactan and is not required for normal growth (22) . The need for redundant hexose epimerase activity is unlikely related to galactosaminogalactan synthesis, because production of galactose-poor galactosaminogalactan by the ⌬uge5 mutant did not impair adherence, biofilm formation, or other virulence associated properties. Indeed, our studies failed to identify a functional role for the galactose component of galactosaminogalactan and suggest that the adherence, apoptosis-inducing, and pathogen-associated molecular patternmasking phenotypes of galactosaminogalactan are mediated by the GalNAc fraction of this glycan. One possibility is that altering the galactose content of galactosaminogalactan may provide a mechanism for the organism to modulate galactosaminogalactan activity through secondarily changing the relative GalNAc content of the resulting glycan. We are currently investigating the effects of lowering the GalNAc content of galactosaminogalactan to better understand the mechanism of action of galactosaminogalactan in these phenotypes.
Although we found three genes annotated as UDP-glucose 4-epimerases in A. fumigatus, only uge3 and uge5 seem to be active. One explanation could be that the in silico annotation is not correct and that, in fact, uge4 is not a UDP-glucose 4-epimerase. However, based on the close homology of uge4 to the other two epimerases, and the fact that all important domains are predicted with high certainty to be intact in the uge4 sequence, it is likely that uge4 is a UDP-glucose 4-epimerase. It is possible that uge4 is expressed under conditions that were not tested; however, an alternative explanation is that uge4 is a product of gene duplication that could have served a purpose earlier in evolution but has now become silenced. Similar silent gene duplications have been reported in other cell wall-related genes in A. fumigatus (64, 65) . Interestingly, silencing of epimerases in Aspergillus species may play a role in virulence because in the nonpathogenic species A. nidulans, ugeB, the ortholog of A. fumigatus uge3, has been reported to be silent (55) .
This study broadens our understanding of Aspergillus epimerases and their role in metabolism and carbohydrate synthesis, and it also begins to identify some of the critical steps in the biosynthesis of galactosaminogalactan. These results suggest a model of galactose-containing cell wall polysaccharide synthesis in which Uge5 activity alone mediates production of UDPgalactose as a precursor to Galf and subsequent galactomannan synthesis. Conversely, Uge3 activity is required for the synthesis of UDP-GalNAc for the production of galactosaminogalactan, and both epimerases can contribute to the pool of UDP-galactose used in the synthesis of galactosaminogalactan. Furthermore, Uge5 is responsible for the majority of the epimerase activity within the Leloir pathway, as deletion of uge5, but not uge3, was associated with a defect in growth on galactose-con-taining medium. A deeper understanding of the biochemical pathways underlying galactose metabolism and the biosynthesis of cell wall glycans in this pathogenic fungus may provide the basis for the development of future antifungal therapies.
